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Abstract
Type 1 diabetes (T1D) causes a range of skeletal problems, including reduced bone density
and increased risk for bone fractures. However, mechanisms underlying skeletal complications in diabetes are still not well understood. We hypothesize that high glucose levels in
T1D alters expression and function of purinergic receptors (P2Rs) and pannexin 1 (Panx1)
channels, and thereby impairs ATP signaling that is essential for proper bone response to
mechanical loading and maintenance of skeletal integrity. We first established a key role for
P2X7 receptor-Panx1 in osteocyte mechanosignaling by showing that these proteins are
co-expressed to provide a major pathway for flow-induced ATP release. To simulate in vitro
the glucose levels to which bone cells are exposed in healthy vs. diabetic bones, we cultured osteoblast and osteocyte cell lines for 10 days in medium containing 5.5 or 25 mM glucose. High glucose effects on expression and function of P2Rs and Panx1 channels were
determined by Western Blot analysis, quantification of Ca2+ responses to P2R agonists and
oscillatory fluid shear stress (± 10 dyne/cm2), and measurement of flow-induced ATP
release. Diabetic C57BL/6J-Ins2Akita mice were used to evaluate in vivo effects of high glucose on P2R and Panx1. Western blotting indicated altered P2X7R, P2Y2R and P2Y4R
expression in high glucose exposed bone cells, and in diabetic bone tissue. Moreover, high
glucose blunted normal P2R- and flow-induced Ca2+ signaling and ATP release from osteocytes. These findings indicate that T1D impairs load-induced ATP signaling in osteocytes
and affects osteoblast function, which are essential for maintaining bone health.

Introduction
Albright and Reifenstein [1] reported more than 50 years ago that poorly controlled diabetes
mellitus is associated with lower bone density. Ever since, numerous clinical and experimental
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studies have provided evidence that osteopenia is a chronic complication of insulin dependent
diabetes mellitus (Type 1 diabetes, T1D). In T1D children the reduction in bone mass can
range from 5% to more than 21%, and with aging the risk for osteoporosis in diabetic patients
is significantly increased [2–4]. The risk for bone lesions is also increased, with T1D being
listed among the top 10 risk factors for bone fracture [5, 6].
Despite the recognition that T1D alters bone cell function and differentiation [7–10], little is
still known about the mechanisms that underlie the adverse effects of T1D on skeletal integrity.
However, there is a consensus that bone homeostasis is impaired in T1D, with emerging data
suggesting that low bone density in T1D is likely due to either a defect in bone mass accrual
(i.e. defect in modeling during development) or failure to gain bone mass (i.e. impaired bone
turnover during development) [3, 11–13]. Bone homeostasis is regulated by mechanical stimuli
imposed to the skeleton by daily physical activity, and proper response of bone cells to mechanical loading is thus essential for maintenance of bone function and skeletal integrity. It is likely
that impaired ability of osteocytes, the key mechanosensing cells [14], to respond to mechanical
stimuli and mediate/regulate osteoblast function may lead to dysregulation of bone formation
and/or resorption in T1D. Findings from a recent study with Akita T1D mice support this view,
demonstrating that the anabolic responses to ulnar mechanical loading are reduced in old diabetic mice [15]. Given the central roles played by ATP and its P2Rs in osteocyte response to
mechanical loading and osteoblast differentiation, we hypothesize that exposure to the high glucose levels associated with T1D alters ATP signaling in the bone. This issue is fundamental, as
these changes can contribute to lower bone density and altered bone turnover in T1D.
Extracellular ATP and its purinoceptors (P2Rs) are currently viewed as key components of
the bone cell mechanotransduction system [16]. Activation of P2Rs by ATP released from fluid
shear stress (FSS)-stimulated osteocytes and osteoblasts has been implicated in FSS-induced
PGE2 release [17, 18] and P2Rs are known modulators of osteoblast function [19, 20]. The role
played by each metabotropic P2Y and ionotropic P2X receptor subtype in osteocyte and osteoblast function and how their activation is orchestrated to modulate bone formation is still
unclear. Past studies have suggested that activation of metabotropic P2YR, mainly P2Y2R, play
a critical role in ATP/UTP-mediated inhibition of osteoblast mineralization [21, 22]. Similarly,
activation of ionotropic P2XRs, specifically P2X1R and P2X7R, has been shown to play a role
in ATP-mediated osteoblast function and inhibition of bone mineralization [23]. Studies with
P2X7R-null mice have demonstrated that bone formation is decreased in the absence of this
receptor [24, 25], while bone mass is higher in P2Y2R-null mice [25]. P2X7Rs have also been
shown to mediate ATP-induced PGE2 release from bone cells in response to fluid shear stress
stimulation [24, 26], which places these receptors in the cascade of events leading to bone
remodeling in response to mechanical loading. In addition, FSS-induced ATP release regulates
P2R signaling in bone remodeling [20, 27, 28].
The role of P2X7R in ATP signaling in bone cells seems to go beyond to that of promoting
autocrine/paracrine cellular activation. P2X7R has been proposed to provide a pathway for fast
local ATP release from fusion-competent monocyte that is essential to drive osteoclast formation [29]. In mature osteoclasts and also in osteoblast cultures, P2X7R has also been shown to
mediate ATP release and thereby play a key role in regulating extracellular ATP levels [30]. In
other cell types, P2X7R participation in ATP release has been shown to involve opening of pannexin 1 (Panx1) channels [31–33]. Panx1 forms large channels that provide a conduit for
exchange of ions and molecules (MW up to 1 kDa) between the extracellular and intracellular
milieu [34]. Panx1 channels can be activated by other cell surface receptors besides P2X7R and
by changes in membrane potential and by elevation in extracellular K+ [35–37]. In addition to
playing a role in intercellular signaling and inflammatory responses [31, 38, 39], Panx1 channels are mechanosensitive [40, 41], which supports a role for these channels in bone cell
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mechanosensory transduction. In this regard, since bone cells express both Panx1 and P2X7R
[22, 24, 26, 42, 43], the existence of a functional P2X7R-Panx1 complex in bone cells may thus
provide a mechanism for controlled regenerative ATP-induced ATP release [26] whereby ATP
release and intercellular signaling can be amplified in response to mechanical loading.
The roles played by high glucose, insulin and other T1D-associated factors in diabetic osteopenia are, nonetheless, difficult to dissect given that modulation of one factor necessarily alters
the others. In the current study, we focused on investigating the effects of high glucose on
expression and function of P2Rs and Panx1 channels in osteocytes and also in osteoblasts. Our
findings indicate for the first time that elevating glucose to levels associated with T1D impairs
P2X7R-Panx1 mediated ATP signaling in osteocytes in response to mechanical loading and
alters P2Y2R and P2Y4R mediated regulation of osteoblast function, which is fundamental to
maintain bone health.

Materials and Methods
In these experiments we examined immortalized osteocytic MLO-Y4 [44] and osteoblastic
MOB-C [45] cell lines and tissue from the Akita mouse model of Type 1 diabetes (C57BL/
6-Ins2Akita/J, Jackson Laboratory, ME, USA) [46] to investigate in vitro diabetes-associated high
extracellular glucose levels on bone cell ATP signaling and the in vivo effects of diabetes on
mechanosignaling mediators. The diabetic phenotype in C57BL/6-Ins2Akita/J mice is more severe
in males than females [46]. Males become hyperglycemic around 3–4 weeks of age and by 12
months of age display kyphosis and markedly lower bone mineral density when compared to
age-matched wildtypes [46]. Western blot analyses were used to quantify changes in P2R and
Panx1 protein expression levels in diabetic bone tissue and in high glucose-treated bone cells
when compared to their respective controls. In vitro intracellular Ca2+ responses to bath application of the P2R agonists were recorded from control and high glucose-treated cultures to determine the extent to which changes in expression of particular P2R subtypes affected the response
of osteocytes and osteoblasts to P2R stimulation. Flow-induced cellular ATP release and Ca2+ signaling were measured in vitro to gain insight into high glucose-induced changes in osteocyte
ATP signaling in response to oscillatory fluid shear stress (OFSS).

Tissue collection
Bones were harvested from eight week old male Akita mice and litter-mate wildtype controls
generated from breeding in the animal facility at Einstein. Body weight and blood glucose levels
(One Touch Ultra 2; LifeScan Inc., CA, USA) were measured from animals anesthetized with
isoflurane (Baxter, IL, USA). Tissues were harvested after animals were euthanized by cervical
dislocation. Diaphyses of femora, tibiae, humeri, radii and ulnae were cleaned from soft tissues
and the marrow was flushed out with 1× PBS (except radii and ulnae) to yield osteocyteenriched samples, as previously described [47–49]. Samples were pulverized and protein
extracted for Western blot analysis. All animal procedures were approved by the Institute for
Animal Studies of the Albert Einstein College of Medicine in accordance with NIH Guidelines.

Cell culture
MOB-C osteoblasts [45] were cultured in α-MEM supplemented with 1% penicillin-streptomycin and 5% FBS (Invitrogen Corporation, Carlsbad, CA, USA) while MLO-Y4 osteocytes
[44] were cultured in α-MEM supplemented with 1% penicillin-streptomycin, 5% fetal bovine
serum and 2.5% bovine serum. Cultures were maintained at 37°C with 5% CO2. Cells were
seeded at 103 cells/cm2 and cultured for 10 days under three distinct conditions: a) in control
low glucose [medium with 100 mg/dL (5.5 mM)], b) in high glucose [medium with 450 mg/dL
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(25 mM)] and c) in mannitol (medium with 100 mg/dL glucose + 350 mg/dL mannitol). Mannitol, a nonabsorbable sugar, was used to control for differences in osmolarity and possible
associated effects. Medium was changed every day during treatment.

Western blot analysis and co-immunoprecipitation (co-IP)
Whole cell lysates or tissue samples were sonicated in lysis buffer (1 mM NaHCO3, 2 mM
PMSF, 1 mM Na Orthovanadate, 5 mM EDTA [Sigma-Aldrich Corp., St Louis, MO, USA] and
1× protease inhibitor [Roche, Mannheim, Germany]) and electrophoresed on 10% SDS-PAGE
gels for separation and transferred to nitrocellulose membranes (Whatman GmbH, Dassel,
Germany). The membranes were probed with primary polyclonal antibodies to P2Y1R (1:1000;
APR-009), P2Y2R (1:500; APR-010), P2Y4R (1:500; APR-006), P2X1R (1:1000; APR-001),
P2X3R (1:1000; APR-016), P2X4R (1:1000; APR-002), P2X7R (1:1000; APR-004, Alomone
Labs, Israel), Panx1 (N [Term], 1:100; Cat 487900, Invitrogen), GRP78 BiP (1:5000; ab21685,
Abcam, Cambridge, MA, USA) and β-actin (1:35000; A1978, Sigma-Aldrich) followed by incubation with respective horseradish peroxidase (HRP)-conjugated anti-rabbit IgG and antimouse IgG (1:10000; Santa Cruz Biotechnology, TX, USA). The protein bands were detected
on the In Vivo FX PRO imaging system (Carestream, NY, USA) using the Immobilon Western
detection kit (Millipore, Billerica, MA, USA) as previously described [26]. Densitometric analyses were performed using ImageJ (NIH) software. Measured intensities for all samples were
first normalized with respective loading controls, β-actin, and with either control low glucose
(LG) bone cell samples for in vitro experiments or with the age-matched wildtype bone tissue
samples for in situ experiments.
For co-immunoprecipitation, whole cell lysate and bone tissue lysate were centrifuged for
10 min at 14,000 rpm at 4°C. Lysates were pre-cleared in Protein A agarose beads (Santa Cruz,
Cat#sc-2001). Duplicate samples were generated for each sample. Pre-cleared lysates were transferred to fresh Eppendorf tubes and incubated with Protein A agarose beads and P2X7R antibody
(Alomone Labs) at 1 μg/ml final concentration for overnight at 4°C. Antibody was omitted for
negative controls. After antibody incubations, beads were centrifuged and washed five times with
wash buffer (25 mM Tris HCL, 150 mM NaCl and 0.5% NP-40). Beads were re-suspended in
Laemmli buffer (bioWORLD, Dublin, OH, USA), electrophoresed and transferred to nitrocellulose membranes as described above. The membranes were probed with primary polyclonal antibodies to P2X7R and Panx1 (chicken anti-Panx1, 4515 [50], Aves Lab, Courtesy of Dr. G Dahl,
University of Miami) followed by incubation with respective horseradish peroxidase (HRP)-conjugated anti-rabbit IgG and anti-chicken IgG (Santa Cruz Biotechnology).

Flow chamber and experiments
Oscillatory fluid shear stress (OFSS, τ = ± 10 dyne/cm2) at 1 Hz was applied over a cell monolayer. The fluid flow setup consisted of μ–slide VI0.4 chamber (ibidi GmbH, Germany), Legato
200 syringe pump (KD Scientific, MA, USA) and a syringe filled with flow media (phenol free αMEM supplemented with 1% FBS and 10mM Hepes) that is optimized for real-time imaging.
Culture media in μ–slide VI0.4 chambers was first replaced with flow media followed by flowloop set up and equilibrated under static condition for 2 min prior to OFSS. Aliquot (50 μl) of
static media was collected right after 2 min equilibration time and flow conditioned media was
collected at the end of 5 min OFSS exposure for measurements of cellular ATP release.
To inhibit P2X7R and Panx1 function, cells were pretreated with the P2X7R blockers
A438079 hydrochloride (10 μM; TOCRIS bioscience, Bristol, United Kingdom) [41, 51],
A740003 (10 μM; TOCRIS) [30, 52] and mefloquine (MFQ, 100nM; QU024-1, Bioblocks, San
Diego, CA) [26] in flow media for 15 min prior to OFSS and during 5 min of OFSS.
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Static and flow-induced ATP release
ATP released from cells under static and OFSS conditions was measured using the ATP Determination kit (Life Technologies, Molecular Probes, NY, USA) as described previously [53]. Briefly, 5μl of
the samples or α-MEM (for blank correction) was individually placed in triplicates in white walled
96-well plates, 45μl of reaction solution containing luciferin (50μM) and luciferase (1.25 μg/ml) was
added to each well, and chemiluminescence was immediately measured in a FLUOStar Omega
plate reader (BMG LABTECH, NC, USA). The ATP concentration was then calculated from standard curves (using ATP from 50nM to 5000nM) and normalized for the total number of cells.

Flow-induced Ca2+ mobilization
Changes in cytosolic Ca2+ levels in response to OFSS were determined as previously described
[54]. Cells cultured on μ–slide VI0.4 chambers were loaded with 10μM Fura-2 AM, a ratiometric intracellular Ca2+ indicator (Life Technologies, Molecular Probes, NY, USA), for 45
min at 37°C, then washed and maintained in flow media. Cells were visualized with a Nikon
TE2000 inverted microscope (Nikon, NY, USA) equipped with a 20X planfluo objective and
Fura-2 fluorescence intensities emitted at two excitation wavelengths (340 and 380 nm) were
acquired at 1.0 Hz using Lambda DG4 filters and shutter (Sutter Instrument, CA, USA) driven
by a computer through Metafluor software (Molecular Devices, CA, USA). Changes in Fura-2
intensities were recorded for 5 min before and 5 min after initiating the flow. The ratio of the
Fura-2 images was then used to calculate the intracellular Ca2+ level of single cells in the microscope field of view using an in vitro calibration curve [55].

P2 receptor-induced Ca2+ mobilization
Changes in cytosolic Ca2+ levels in response to bath application of the P2X7R agonist BzATP
[20 (30 )-O-(4-Benzoylbenzoyl)adenosine 50 -triphosphate triethylammonium salt, SigmaAldrich Corp., St Louis, MO, USA] and the P2Y2R and P2Y4R agonist UTP (uridine 50 -triphosphate, Sigma-Aldrich Corp., St Louis, MO, USA) were recorded by epifluorescence from Fura2 loaded cells as previously described [54]. Non-cumulative dose-response curves were generated by bath stimulation of cells with the same agonist, with concentrations ranging from 10
nM to 1 mM, followed by several washes with α–MEM + 1% FBS + 10 mM Hepes and a 10
min interval between agonist additions. High glucose effect on bone cell response to P2R agonists was evaluated based on changes in maximal amplitude of the Ca2+ response and on the
EC50 values for each agonist (effective concentration inducing half-maximal Ca2+ response)
calculated using the GraphPad Prism 6.0 dose-response analysis.

Statistical Analysis
Data were compared using t-test (Mann Whitney U-tests) or one-way ANOVA analysis followed
by Tukey’s multiple comparison test (GraphPad Prism 6) and considered statistically significant
at  P<0.05. Western blot analyses, flow-induced ATP release, percent of responding cells to
OFSS stimulation are presented as the means ± SEM of 6 to 12 independent experiments.

Results
P2X7R and Panx1 form a functional P2X7R-Panx1 complex in bone
cells
P2X7R and Panx1 channels have been shown to interact and form a functional complex that
participates in mechanisms of controlled cellular ATP release and signaling in various cell
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Fig 1. P2X7R and pannexin 1 channels form molecular complexes in bone cells. P2X7R and Panx1
protein-protein interaction was assessed by immunoprecipitating lysates from long bone tissue, MLO-Y4
osteocytes and MOB-C osteoblasts with P2X7R antibody followed by Western blotting with Panx1 and
P2X7R antibodies. “+” lanes represent samples with P2X7R antibody and “-” lanes represent samples with no
antibody. Note: Both MLO-Y4 and MOB-C express two bands of P2X7R [functional glycosylated form at
~79kD and a splice variant at ~ 56kD [56]]. Bands corresponding to IgG heavy chain (~50 kD) are indicated
on the blot with P2X7R antibody.
doi:10.1371/journal.pone.0155107.g001

types [32, 33, 38]. We used co-immunoprecipitation to explore whether such an association of
P2X7R and Panx1 occurs in bone cells. P2X7R antibody was used to pull down the receptor
and those proteins physically associated with it. Western blotting of the immunoprecipitated
complexes was performed and membranes were probed with antibodies against Panx1 and
P2X7R. As shown in Fig 1, we found that there is a molecular interaction between P2X7R
(~79kD) and Panx1 (~50kD) not only in long bone but also in MLO-Y4 osteocytes and
MOB-C osteoblasts similar to previous reports in other cell types [32, 33, 38].

P2X7R-Panx1 plays an essential role in osteocyte mechanosignaling
Osteocytes release ATP in response to mechanical stimulation. As shown in Fig 2, under normal conditions osteocytes respond to OFSS with more than 3-fold increase in ATP release
compared to static condition (blue bars). OFSS-induced ATP release was significantly reduced
in the presence of the P2X7R blockers A438079 (10 μM) or A740003 (10 μM); however, ATP
release were still substantially higher in OFFS-stimulated compared to non-stimulated cultures
(static condition) when in the presence of these P2X7R blockers (Fig 2, green and purple bars).
In the presence of the Panx1 channel blocker MFQ (100 nM; black bars) or combined Panx1
and P2X7R blockade with MFQ (100 nM) and A438079 (10 μM) (orange bars), or MFQ (100
nM) with A740003 (10 μM) (gray bars), the amounts of ATP released from OFSS-stimulated
cultures were not statistically different from those measured under static conditions when in
the presence of these blockers. ATP release measured under static conditions from osteocyte
cultures in the presence or absence of Panx1 or P2X7R blockers were also not different from
one another. Similarly, no notable differences were observed between OFSS-induced ATP
release from cultures treated with A438079 or A740003, or MFQ or combined MFQ+A438079
or MFQ+A740003.

P2Rs and Panx1 expression is altered in diabetic long bones
As expected from the T1D phenotype, the Akita mice had significantly lower body weights
compared to their wildtype counterparts (~10% lower, P < 0.026); average blood glucose levels
in Akita mice were above 600 mg/dL vs. 214 ± 3.9 mg/dL in wildtype controls (N = 6). Western
blot analysis for P2Rs and Panx1 expression in Akita vs wildtype control mice revealed that
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Fig 2. P2X7R and pannexin 1 channels contribute to OFSS-induced ATP release from MLO-Y4 cells. Comparison of OFSS-induced
ATP release from MLO-Y4 cells under control glucose condition (Ctrl: 100 mg/dL of glucose) and in the presence of P2X7R blockers (10 μM
A438079, 10 μM A740003) or Panx1 blocker (100 nM MFQ) or combined A438079 + MFQ or A740003 + MFQ. ATP release under each
condition was normalized by number of counted cells (****P<0.0001 control static vs. control OFSS; **P<0.001 static vs. OFSS for
A438079 and A740003 treated conditions; ++++P<0.0001 control OFSS vs. A438079 or A740003 or MFQ or MFQ+A438079 or MFQ
+A740003 treated OFSS, n = 7–8. Data are presented as the means ± SEM).
doi:10.1371/journal.pone.0155107.g002

P2Y2R and P2Y4R expression were significantly higher (by 33% and 57%, respectively) in Akita
(i.e. diabetic) bones than control bones, while P2X7R and Panx1 expression were markedly
lower (by 24% and 61%, respectively) in diabetic bones (Fig 3, red bars). No notable differences
were observed in the levels of P2Y1R, P2X3R and P2X4R expression. P2X1R expression was
not detectable in either Akita or age-matched wildtype bones.

High glucose differentially alters expression of P2Rs and Panx1 in
osteocytes and osteoblasts
Osteocytes and osteoblasts responded differently when exposed to high glucose. As shown in
Fig 4, 10-day high glucose exposure significantly reduced P2X7R and Panx1 expression in
MLO-Y4 cells (by 25% and 40%, respectively; Fig 4A, red bars) while markedly increasing
P2Y2R and P2Y4R expression in MOB-C cells (by 50% and 25%, respectively; Fig 4B, red bars).
No noticeable effects on P2Y1R, P2X1R, P2X3R, P2X4R expression were observed in either cell
type after 10-day culture in high glucose. Given that no changes in expression levels of P2Rs
and Panx1 were observed in either mannitol-treated osteocytes or osteoblasts (Fig 4, gray bars),
the observed changes in P2R and Panx1 expression are unrelated to high glucose-induced
increase in medium osmolarity.

High glucose alters P2R function in osteocytes and osteoblasts
Effects of high glucose on P2R-induced Ca2+ responses were evaluated from dose-response
curves obtained in MLO-Y4 and MOB-C for specific P2R agonists: BzATP for P2X7R and
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Fig 3. Expression of purinergic receptors and pannexin 1 channels is altered in T1D Akita mice
bones. (A) Relative protein expression levels of P2R subtypes (P2Y1R, P2Y2R, P2Y4R, P2X3R, P2X4R and
P2X7R) and Panx1 in 8-week-old Akita and age-matched wildtype bone tissue (Data are presented as the
means ± SEM *P<0.05 vs. wildtype; n = 6). (B) Representative Western blots for P2Y2R, P2Y4R, P2X7R and
Panx1.
doi:10.1371/journal.pone.0155107.g003

UTP for P2Y2R and P2Y4R. As shown in Fig 5A, the amplitudes of Ca2+ responses of MLO-Y4
cells to bath application of BzATP were significantly lower in cells cultured in high glucose
when compared to those cultured in control, low glucose medium ( P<0.001 to

P<0.0001, n = 6 independent experiments per condition). Nonetheless, the EC50 values for
BzATP obtained from high glucose and low glucose osteocytes were similar [HG: 47.2 μM
(IC95%: 28.9 to 77.0 μM), n = 431 cells; LG: 44.8μM (IC95%: 33.6 to 60.0μM, n = 457 cells, 6
independent experiments per condition], indicating that exposure to high glucose did not alter
the P2X7R sensitivity. The observed lower amplitudes of Ca2+ responses to BzATP in MLO-Y4
cells cultured in HG when compared to control LG conditions are consistent with our findings
of decreased P2X7R protein expression in high glucose exposed MLO-Y4 cells (see Fig 4). In
MOB-C cells, bath application of UTP induced Ca2+ responses that were significantly greater
in high glucose compared to low glucose cultured cells (Fig 5B) ( P<0.0001, n = 6 independent experiments per condition). Exposure to high glucose also induced a slight but significant
leftward shift of the UTP dose-response curve in osteoblasts, as evidenced by the significantly

PLOS ONE | DOI:10.1371/journal.pone.0155107 May 9, 2016

8 / 19

High Glucose Attenuates Mechano-ATP Signaling

Fig 4. Exposure to high extracellular glucose alters expression of purinergic receptors and pannexin 1 channels in MLO-Y4
osteocytes and MOB-C osteoblasts. Relative protein expression levels of P2R subtypes (P2Y1R, P2Y2R, P2Y4R, P2X7R and P2X3R) and
Panx1 in MLO-Y4 (A) and MOB-C (B) cultured in control low glucose (LG), high glucose (HG) and mannitol media (Data are presented as the
means ± SEM; ***P<0.001 vs. LG control; n = 5). (C) Representative Western blots of differences in Panx1 and P2Rs observed in osteocytes (A)
and osteoblasts (B).
doi:10.1371/journal.pone.0155107.g004

lower EC50 values for UTP obtained from high glucose compared to low glucose cultured cells
[HG: 0.9μM, IC95%: 0.8 to 1.0 μM, n = 549 cells versus LG: 1.6 μM, IC95%: 1.4 to 1.9 μM,
n = 620 cells, 6 independent experiments per condition,  P<0.0001]. The EC50 for UTP
reflects both P2Y2R and P2Y4R activation and depends on the relative expression of these
receptors. The observed difference between EC50 values for UTP in cells exposed to high glucose and to low glucose is thus likely related to changes in the relative expression level of
P2Y2R and P2Y4R (see Fig 4). The significantly higher protein expression levels of these receptors in high glucose compared to low glucose cultured MOB-C cells are also consistent with the
higher amplitude of Ca2+ responses observed for UTP in high glucose exposed MOB-C cells.

High glucose impairs osteocyte mechanosignaling
MLO-Y4 osteocyte exposure to high glucose showed markedly altered mechanoactivation and
ATP release, based on changes in intracellular Ca2+ responses to fluid flow (OFSS) and ATP
released in the flow conditioned media collected from control low glucose, high glucose and
mannitol cultured cells (OFSS media sampled at 5 min after initiating fluid flow).
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Fig 5. Exposure to high glucose alters the amplitudes of Ca2+ responses induced in (A) MLO-Y4 by P2X7R stimulation and in (B)
MOB-C by P2Y2R/P2Y4R stimulation. Dose-response curves obtained for the P2X7R agonist BzATP (0.1–1000μM) in MLO-Y4 cells grown in
low glucose (LG) and in high glucose (HG) (A) and for the P2Y2/P2Y4R agonist UTP (1–100μM) in MOB-C cells grown in LG and HG (B)
conditions. Each point in the dose-response curve corresponds to average amplitude of Ca2+ responses normalized to control LG maximal
amplitude. Data are presented as the means ± SEM, n = 6 independent experiments per condition. Total number of cells analyzed: (A) 431
under HG and 457 under LG; (B) 549 under HG and 620 under LG. Student t-test: ***P<0.001 and ****P<0.0001 HG vs. LG for each point of
the dose-response curve.
doi:10.1371/journal.pone.0155107.g005

Representative Ca2+ transients generated by MLO-Y4 cells in response to OFSS are shown in
Fig 6. Typically, under all three conditions (control low glucose, high glucose and mannitoltreated) MLO-Y4 cells responded to OFSS with a brisk increase in intracellular Ca2+ levels. In
the majority of MLO-Y4 cells, this initial Ca2+ peak was followed by additional peaks (not synchronized to the period of the oscillatory flow) that appeared for as long as the cells were stimulated (Fig 6A). The amplitudes of these peak Ca2+ responses (Fig 6B) and the number of
MLO-Y4 cells that responded to OFSS stimulation (Fig 6C) were significantly lower under
high glucose condition compared to low glucose and mannitol-treated conditions.
Exposure to high glucose significantly increased spontaneous release or static ATP level in
the osteocyte bathing media when compared to levels measured from cells bathed in control
low glucose and mannitol containing media (Fig 7A). We also observed that total intracellular
ATP content in MLO-Y4 under high glucose condition was markedly higher compared to that
measured for cells cultured under control glucose and mannitol conditions (Fig 7B). Although
static ATP levels under high glucose condition were higher than in both control low glucose
and mannitol treated conditions, OFSS-induced ATP release from MLO-Y4 under high glucose condition was significantly lower compared to both control low glucose and mannitol
conditions (Fig 7A, OFFS-induced ATP release and Fig 7C). Because exposure to HG levels has
been shown to induce ER stress leading to mitochondrial dysfunction in various tissues and
cell types, which ultimately affects ATP synthesis and Ca2+ flux [57], we further investigated
whether this increase in spontaneous and intracellular ATP levels under high glucose condition
was due to ER stress by examining the expression level of the ER chaperone and signaling regulator GRP78 Bip, an ER stress marker [58]. As shown in Fig 8, there were no notable changes
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Fig 6. High glucose attenuates mechanically-induced Ca2+ responses of osteocytes in culture. (A) Example of time-lapse pseudocolor
display of intracellular Ca2+ and graphical representations of the amplitudes of OFSS-induced Ca2+ responses recorded from individual cells (1
to 5) in MLO-Y4 cultures under control low glucose (LG) condition. Black arrows in graphs indicate the start of OFSS. (B) Comparison of peak
Ca2+ amplitudes under low glucose (LG), high glucose (HG) and mannitol conditions (*P<0.05 LG vs. HG, **P<0.01 mannitol vs. HG; n = 12
independent experiments). (C) Percentage of cells responding to OFSS stimulation in high glucose (HG) condition compared to control low
glucose and mannitol conditions. (Data are presented as the means ± SEM. *P<0.05, high glucose vs. low glucose and mannitol, n = 12
independent experiments; average number of cells analyzed per experiment = 57 ± 4 cells).
doi:10.1371/journal.pone.0155107.g006

in expression levels of GRP78/BiP in high glucose compared to control glucose and mannitol
treated osteocytes.

Discussion
Diabetes is a high risk factor for bone fracture [5, 6, 60] and despite the recognition that osteopenia occurs even early in the onset of T1D, the underlying mechanisms are still not well
understood. Hyperglycemia and low insulin levels are hallmarks of T1D and key factors in the
pathophysiology of diabetes complications. Insulin is known for its anabolic effects on bone
[7], specifically on osteoblasts, and, as such, low insulin levels were seen as the logical culprit in
lower bone density. Consistent with this view, insulin replacement therapy was shown in animal models of T1D to reverse the deleterious effects of diabetes on the skeletal system [61].
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Fig 7. High glucose alters intracellular ATP content and attenuates OFSS-induced ATP release from MLO-Y4 cells. (A) ATP release
measured under static and OFSS-stimulated conditions from MLO-Y4 cells cultured in LG, HG or mannitol containing media. ATP released
amounts under each condition were normalized by number of counted cells (+P<0.05 static mannitol vs. static HG; ++P<0.01 static control LG vs.
static HG; ***P<0.001 static vs. OFSS HG; ****P<0.0001 static vs. OFSS LG and static vs. OFSS mannitol; ##P<0.01 OFSS LG vs. HG;
###
P<0.001 OFSS HG vs. mannitol; n = 12. Data are presented as the means ± SEM). (B) Comparison of total intracellular ATP levels in MLO-Y4
cells exposed to low glucose (LG), high glucose (HG) and mannitol for 10 days. Intracellular ATP content under each condition was normalized
by protein concentration (**P<0.01 LG vs. HG and mannitol vs. HG; n = 3). (C) OFSS-induced ATP release with respect to static ATP level under
LG, HG and mannitol conditions (****P<0.0001 LG or mannitol vs. HG). (All data are presented as the means ± SEM).
doi:10.1371/journal.pone.0155107.g007

However, studies with 6-month old global insulin receptor knockout mice (IRKO-L1) that
were made euglycemic by the expression of the human insulin receptor transgene in the pancreas, liver and brain, thereby allowing to distinguish the effects of reduced insulin receptor signaling from those of hyperglycemia on the bone, demonstrated that reduced insulin receptor
signaling is not a major factor contributing to reduced bone density in T1D [62]. By contrast,
pronounced changes in bone volume were observed in studies conducted with early postnatal
osteoblast-specific insulin-receptor knockout mice (Ob-ΔIR) and IRKO-L1 mice, suggesting
that changes in bone mass due to loss of insulin receptors might be time dependent [63]. Nevertheless, given that insulin receptor expression is low or absent in osteocytes [63, 64], it is
likely that the beneficial effects of insulin on the bone are mostly on osteoblasts rather than
osteocytes. Therefore, in this study we focused our attention on the effect of high glucose, given
that i) normalization of high blood glucose levels is the most prominent factor of downstream
insulin treatment and ii) the mechanisms that are responsible for dysregulation of osteocytes
and osteoblasts under high glucose are not well known. In addition, the fact that effects of T1D
on differentiation and function [7–10, 65] of osteoblasts, the bone forming cells, can be replicated in vitro by exposure to high glucose [9, 10] indicates that high glucose is one of the key
factors in events that lead to lower bone density in T1D. In this regard, the current study and
that by Parajuli et al. [15] show that exposure to high glucose significantly impairs the ability of
osteocytes to respond to mechanical stimuli, which is central for bone homeostasis. The present
study further supports this view that high glucose is one of the major factors contributing to
lower bone density in T1D and provides for the first time specific mechanistic insight into the
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Fig 8. Exposure for 10 days to high glucose does not cause ER stress in MLO-Y4 cells. (A) Relative
protein expression levels of the ER chaperone and signaling regulator GRP78 BiP (~ 75kD) in MLO-Y4 cells
cultured for 10 days in control low glucose (LG), high glucose (HG) and mannitol media (Data are presented
as the means ± SEM; n = 3 per condition). (B) Representative Western blots for GRP78 BiP expression in
MLO-Y4 cells cultured for 10 days in LG, HG and mannitol conditions. Note: GRP78 BiP (ab21685, Abcam)
also detects a nonspecific 100 kDa band in Western Blot [59].
doi:10.1371/journal.pone.0155107.g008

contribution of P2X7R-Panx1 mediated ATP signaling under high glucose in skeletal complications associated with T1D.
Osteocytes are viewed as the key mechanosensing cells in the bone, responsible for integrating mechanical and chemical signals that regulate bone remodeling [14, 66]. However, our
understanding of mechanisms involved in osteocyte mechanical transduction and signaling to
effector cell populations (e.g., to mediate release of ATP and other mechanosignaling molecules, such as PGE2 and VEGF [17, 18, 67, 68]) is incomplete. Studies from us and others have
shown that activation of mechanosensitive pathways [e.g. cation-selective channels (MSCCs)
[17] and P2X7R-Panx1 channels [26]] in response to fluid shear stress induce Ca2+ transients
and ATP release that evokes further Ca2+ mobilization from stimulated cells through ATPmediated activation of P2Rs in the osteoblast and osteocyte networks [69]. Previous studies
with MLO-Y4 cells suggested that flow-induced ATP release from osteocytes occurs through
Cx43 hemichannels [18]. We now demonstrate that osteocytes as well as osteoblasts express
Panx1 channels, which provide a conduit for controlled cellular ATP release [31, 35, 41]. In
contrast with Cx43 hemichannels, the unique intrinsic mechanosensitivity of Panx1 channels
[40] places these channels among the first responders to osteocyte mechanical stimulation. In
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addition, the fact that Panx1 is co-expressed and forms a functional complex with P2X7R in
osteocytes (see Fig 1) expands the repertoire of Panx1 functions in osteocyte mechanosignaling
and transduction. We and others have previously shown that P2X7R and Panx1 can form such
a functional complex in other cell types, whereby P2X7R stimulation opens the Panx1 channel
[31–33, 41]. However, this is the first demonstration that this functional complex plays a critical role in OFSS-induced release of ATP in osteocytes (Fig 2). It is thus expected that following
activation of P2X7R by the initial wave of flow-induced ATP release from osteocytes (via opening of Panx1 channels and other release mechanisms, such as Cx43 hemichannels), additional
ATP will be released via activation of the P2X7R-Panx1 complex, as has been shown to occur
in other cell types [31–33, 41]. The existence of such a functional complex in osteocytes, which
are the key mechanosensing cells in the bone, provides a mechanism for controlled regenerative ATP-induced ATP release that would amplify ATP signaling and responses to mechanical
loading.
In this study we found that the noticeably lower Panx1 and P2X7R expression and function
in MLO-Y4 osteocytes and in osteocyte enriched load bearing bones of diabetic Akita mice
(Figs 3, 4A and 5A) were accompanied by marked reduction not only in ATP released in
response to OFSS but also in Ca2+ signaling (Figs 6 and 7). Given the contribution of ATP to
further OFSS-induced Ca2+ transients through autocrine/paracrine activation of P2Y and P2X
purinoceptors [19, 20], the decrease in peak Ca2+ amplitude and number of cells responding to
OFSS upon exposure to high glucose conditions can in part be attributed to the observed
reduction in ATP release from stimulated osteocytic cells. Both ATP under static condition
and total intracellular ATP levels in osteocytes under high glucose were notably higher than
those of cells exposed to control low glucose and mannitol (Fig 7 [see static condition]). In this
case, the significant reduction in OFSS-induced ATP and Ca2+ signaling observed in high glucose exposed osteocytes compared to control low glucose and mannitol treated cells is most
likely and solely due to reduced expression and overall consequent response of the
P2X7R-Panx1 complex. In this context, considering that extracellular ATP is required for
flow-induced PGE2 release [17], the recent finding of reduction in OFSS-induced PGE2 release
from high glucose exposed MLO-Y4 [15] further complements our results.
It has to be noted, however, that prolonged exposure to elevated glucose levels has been
linked to development of ER stress leading to mitochondrial dysfunction in various tissues and
cell types, especially in pancreatic β-cells, ultimately affecting ATP synthesis and Ca2+ flux
[57]. In Akita mice, such decrease in ATP synthesis has been observed in the heart, whereas no
apparent changes are detected in the kidney and the liver [70] indicating that not all tissues
respond to diabetic complications in the same manner. Our finding of unaltered expression of
the ER stress marker GRP78 BiP [58] in osteocytes exposed to high glucose (see Fig 8) excludes
a role of ER stress in changes in osteocyte ATP and Ca2+ signaling observed in this study.
Overall, our findings of altered ATP signaling in osteocytes strongly imply that exposure to
high glucose significantly impairs their ability to respond to mechanical loading and support
the essential role and importance of the P2X7R-Panx1 complex in osteocyte mechanosignaling
and transduction events. In addition, based on these in vitro functional studies, we can infer
that the downregulation of the P2X7R-Panx1 mechanosignaling complex and consequent
reduction in ATP signaling as early as ~ 4 weeks of the disease onset in 8-week old Akita mice
[Figs 3, 4A and 5A), will blunt the osteocyte responses to mechanical loading and thereby
impair proper bone function and skeletal integrity. Our findings are in line with those recently
presented by Parajuli and colleagues [15] that demonstrate impaired anabolic response in
7-month old Akita male mice bone to ulna loading, which further supports the proposal that
T1D impairs proper osteocyte mechanotransduction.

PLOS ONE | DOI:10.1371/journal.pone.0155107 May 9, 2016

14 / 19

High Glucose Attenuates Mechano-ATP Signaling

In osteoblasts, ATP and P2Rs are well known to play central roles in regulation of osteoblast
function [19, 20], and to be essential for integration and translation of local and systemic
responses into proper bone remodeling [16, 20, 27, 28]. The profile of P2R expression in osteoblasts changes during differentiation, shifting from P2X to P2Y [22] receptors, with predominant P2Y2R expression in mature cells [21]. This finding led to the proposal that the P2Y2R
and, also possibly the P2Y4R, would function as “off switches” for bone formation [21]. This
proposed role for P2Y2R and P2Y4R is substantiated by observations that low doses of UTP (a
P2Y2R and P2Y4R agonist) inhibit bone formation by osteoblasts [21] and that global P2Y2R
deletion resulted in increased bone mass in mice [25]. In this study we observed that not only
the expression levels of P2Y2R and P2Y4R were significantly higher in Akita bone and in osteoblasts exposed to high glucose (Figs 3 and 4B), but also the sensitivity and response of these
receptors to UTP stimulation was markedly increased in osteoblasts under high glucose conditions (Fig 5B). These observations indicate that osteoblast function is significantly impacted by
exposure to high glucose in T1D.
The effects of high glucose on osteoblast function, differentiation and mineralization have
already been investigated, but findings are contradictory. While some studies showed that
exposure to high glucose significantly increased collagen I mRNA levels, cellular proliferation
and alkaline phosphatase activity, and decreased osteocalcin mRNA levels in MC3T3-E1 cells
[9, 71, 72], other studies demonstrated that high glucose exposure causes reduced alkaline
phosphatase activity in primary rat osteoblasts [73] and increases mineralization, mRNA levels
of osteocalcin, Runx2, bone sialoprotein, RANKL, and decreases OPG expression in human
osteoblasts [10]. Nevertheless, taken together these findings support the notion that proper
osteoblast function is altered by exposure to high extracellular glucose.
Osmotic stress has been investigated as one of the possible factors triggering the responses
to high glucose [9, 71]. In the present study, exposure to mannitol to simulate changes in
osmotic concentration experienced in high glucose conditions did not alter the expression of
P2Rs and Panx1 in either osteoblasts or osteocytes (see Fig 4). In contrast, this study clearly
demonstrated that exposure to high glucose differentially regulates P2R and Panx1 expression
in bone cells, which directly impact P2Y2R and P2Y4R mediated regulation of osteoblast function and ability of osteocytes to respond properly to mechanical loading.
Finally, there is the broader question of how T1D and high glucose lead to reduced bone
density. Resorption is not elevated in T1D [13, 74]. Thus, it seems reasonable to posit that this
lower bone density would need to be driven by inadequate infilling of remodeling spaces, i.e.,
T1D bone loss more closely resembles age-related high-turnover bone loss. This hypothesis is
consistent with the defects in osteoblast differentiation and function that have been shown in
T1D and high glucose [9, 10]. The results from our studies and others [15] also point to functional defects in osteocyte in mechanosignaling and transduction in T1D and high glucose.
Specifically, high glucose and T1D alters ATP signaling in the bone by changing P2 receptors
and Panx1 expression in bone cells, thereby blunting normal mechanotransduction and dysregulating purinergic signaling that are necessary for osteocytes to recruit and control bone formation [16, 75].
In summary, our findings with bones from Akita diabetic mice and from in vitro studies
with osteocytic and osteoblastic cell lines indicate for the first time that high glucose is a major
factor inducing changes in P2R and Panx1 expression in bone cells that blunts proper transduction and signaling of physiological oscillatory fluid shear stress, which are expected to ultimately impair adaptive responses of osteocytes to mechanical loading. Overall, these findings
support our hypothesis that exposure to the abnormally and characteristically high extracellular glucose levels encountered in T1D is associated with profound changes in ATP signaling in
the bone that directly impact the bone mechanotransduction and signaling systems. These
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studies are not only expected to advance understanding of mechanisms underlying the adverse
effects of diabetes on bone, but also bring awareness to the importance of early and tight glycemic control to prevent lower bone density in diabetes.

Acknowledgments
We thank Dr. Lynda Bonewald (University of Missouri-Kansas City) for providing us with
MLO-Y4 cells and Adriana Mello Levine for technical support and animal care.

Author Contributions
Conceived and designed the experiments: ZS SOS MMT. Performed the experiments: ZS SM
SOS MMT. Analyzed the data: ZS SOS MMT. Contributed reagents/materials/analysis tools:
MMT SOS DCS. Wrote the paper: ZS MBS DCS SOS MMT.

References
1.

Albright F, Reifenstein EC. Parathyroid Glands and Metabolic Bone Disease: Selected Studies: Williams and Wilkins Co.; 1948. 150–64 p.

2.

Kemink SA, Hermus AR, Swinkels LM, Lutterman JA, Smals AG. Osteopenia in insulin-dependent diabetes mellitus; prevalence and aspects of pathophysiology. J Endocrinol Invest. 2000; 23(5):295–303.
PMID: 10882147.

3.

Gunczler P, Lanes R, Paoli M, Martinis R, Villaroel O, Weisinger JR. Decreased bone mineral density
and bone formation markers shortly after diagnosis of clinical type 1 diabetes mellitus. J Pediatr Endocrinol Metab. 2001; 14(5):525–8. PMID: 11393573.

4.

Brown SA, Sharpless JL. Osteoporosis: An Under-appreciated Complication of Diabetes. Clin Diabetes. 2004; 22(1):10–20.

5.

Espallargues M, Sampietro-Colom L, Estrada MD, Sola M, del Rio L, Setoain J, et al. Identifying bonemass-related risk factors for fracture to guide bone densitometry measurements: a systematic review of
the literature. Osteoporos Int. 2001; 12(10):811–22. doi: 10.1007/s001980170031 PMID: 11716183.

6.

Oei L, Rivadeneira F, Zillikens MC, Oei EH. Diabetes, diabetic complications, and fracture risk. Current
osteoporosis reports. 2015; 13(2):106–15. Epub 2015/02/05. doi: 10.1007/s11914-015-0260-5 PMID:
25648962.

7.

Bouillon R, Bex M, Van Herck E, Laureys J, Dooms L, Lesaffre E, et al. Influence of age, sex, and insulin on osteoblast function: osteoblast dysfunction in diabetes mellitus. J Clin Endocrinol Metab. 1995;
80(4):1194–202. doi: 10.1210/jcem.80.4.7714089 PMID: 7714089.

8.

Lu HF, Kraut D, Gerstenfeld LC, Graves DT. Diabetes interferes with the bone formation by affecting
the expression of transcription factors that regulate osteoblast differentiation. Endocrinology. 2003; 144
(1):346–52. doi: 10.1210/en.2002-220072 PMID: WOS:000180176100043.

9.

Botolin S, McCabe LR. Chronic hyperglycemia modulates osteoblast gene expression through osmotic
and non-osmotic pathways. J Cell Biochem. 2006; 99(2):411–24. doi: 10.1002/Jcb.20842 PMID:
WOS:000240758600009.

10.

Garcia-Hernandez A, Arzate H, Gil-Chavarria I, Rojo R, Moreno-Fierros L. High glucose concentrations
alter the biomineralization process in human osteoblastic cells. Bone. 2012; 50(1):276–88. Epub 2011/
11/17. doi: 10.1016/j.bone.2011.10.032 PMID: 22086137.

11.

Krakauer JC, McKenna MJ, Buderer NF, Rao DS, Whitehouse FW, Parfitt AM. Bone loss and bone
turnover in diabetes. Diabetes. 1995; 44(7):775–82. Epub 1995/07/01. PMID: 7789645.

12.

Maggio AB, Ferrari S, Kraenzlin M, Marchand LM, Schwitzgebel V, Beghetti M, et al. Decreased bone
turnover in children and adolescents with well controlled type 1 diabetes. J Pediatr Endocrinol Metab.
2010; 23(7):697–707. Epub 2010/09/23. PMID: 20857842.

13.

Coe LM, Zhang J, McCabe LR. Both spontaneous Ins2(+/-) and streptozotocin-induced type I diabetes
cause bone loss in young mice. J Cell Physiol. 2013; 228(4):689–95. Epub 2012/08/14. doi: 10.1002/
jcp.24177 PMID: 22886636.

14.

Schaffler MB, Cheung WY, Majeska R, Kennedy O. Osteocytes: master orchestrators of bone. Calcif
Tissue Int. 2014; 94(1):5–24. Epub 2013/09/18. doi: 10.1007/s00223-013-9790-y PMID: 24042263;
PubMed Central PMCID: PMCPmc3947191.

PLOS ONE | DOI:10.1371/journal.pone.0155107 May 9, 2016

16 / 19

High Glucose Attenuates Mechano-ATP Signaling

15.

Parajuli A, Liu C, Li W, Gu X, Lai X, Pei S, et al. Bone's responses to mechanical loading are impaired
in type 1 diabetes. Bone. 2015; 81:152–60. Epub 2015/07/18. doi: 10.1016/j.bone.2015.07.012 PMID:
26183251.

16.

Orriss IR, Burnstock G, Arnett TR. Purinergic signalling and bone remodelling. Curr Opin Pharmacol.
2010; 10(3):322–30. Epub 2010/03/02. doi: 10.1016/j.coph.2010.01.003 PMID: 20189453.

17.

Genetos DC, Geist DJ, Liu D, Donahue HJ, Duncan RL. Fluid shear-induced ATP secretion mediates
prostaglandin release in MC3T3-E1 osteoblasts. J Bone Miner Res. 2005; 20(1):41–9. doi: 10.1359/
JBMR.041009 PMID: 15619668; PubMed Central PMCID: PMC2929123.

18.

Genetos DC, Kephart CJ, Zhang Y, Yellowley CE, Donahue HJ. Oscillating fluid flow activation of gap
junction hemichannels induces ATP release from MLO-Y4 osteocytes. J Cell Physiol. 2007; 212
(1):207–14. doi: 10.1002/jcp.21021 PMID: 17301958; PubMed Central PMCID: PMC2929812.

19.

Gallagher JA, Buckley KA. Expression and function of P2 receptors in bone. J Musculoskelet Neuronal
Interact. 2002; 2(5):432–9. PMID: 15758411.

20.

Hoebertz A, Arnett TR, Burnstock G. Regulation of bone resorption and formation by purines and pyrimidines. Trends Pharmacol Sci. 2003; 24(6):290–7. doi: 10.1016/S0165-6147(03)00123-8 PMID:
12823955.

21.

Hoebertz A, Mahendran S, Burnstock G, Arnett TR. ATP and UTP at low concentrations strongly inhibit
bone formation by osteoblasts: a novel role for the P2Y2 receptor in bone remodeling. JCell Biochem.
2002; 86(3):413–9.

22.

Orriss IR, Knight GE, Ranasinghe S, Burnstock G, Arnett TR. Osteoblast responses to nucleotides
increase during differentiation. Bone. 2006; 39(2):300–9. doi: 10.1016/j.bone.2006.02.063 PMID:
16616882.

23.

Orriss IR, Key ML, Brandao-Burch A, Patel JJ, Burnstock G, Arnett TR. The regulation of osteoblast
function and bone mineralisation by extracellular nucleotides: The role of p2x receptors. Bone. 2012;
51(3):389–400. Epub 2012/07/04. doi: 10.1016/j.bone.2012.06.013 PMID: 22749889.

24.

Li J, Liu D, Ke HZ, Duncan RL, Turner CH. The P2X7 nucleotide receptor mediates skeletal mechanotransduction. J Biol Chem. 2005; 280(52):42952–9. doi: 10.1074/jbc.M506415200 PMID: 16269410.

25.

Orriss I, Syberg S, Wang N, Robaye B, Gartland A, Jorgensen N, et al. Bone phenotypes of P2 receptor
knockout mice. Front Biosci (Schol Ed). 2011; 3:1038–46. Epub 2011/05/31. PMID: 21622253.

26.

Thi MM, Islam S, Suadicani SO, Spray DC. Connexin43 and pannexin1 channels in osteoblasts: who is
the "hemichannel"? J Membr Biol. 2012; 245(7):401–9. Epub 2012/07/17. doi: 10.1007/s00232-0129462-2 PMID: 22797941; PubMed Central PMCID: PMC3427001.

27.

Dixon SJ, Sims SM. P2 purinergic receptors on osteoblasts and osteoclasts: Potential targets for drug
development. Drug Develop Res. 2000; 49(3):187–200. doi: 10.1002/(Sici)1098-2299(200003)
49:3<187::Aid-Ddr9>3.0.Co;2-F PMID: WOS:000087152300009.

28.

Gallagher JA. ATP P2 receptors and regulation of bone effector cells. J Musculoskelet Neuronal Interact. 2004; 4(2):125–7. PMID: 15615109.

29.

Pellegatti P, Falzoni S, Donvito G, Lemaire I, Di Virgilio F. P2X7 receptor drives osteoclast fusion by
increasing the extracellular adenosine concentration. FASEB J. 2011; 25(4):1264–74. Epub 2011/01/
15. doi: 10.1096/fj.10-169854 PMID: 21233486.

30.

Brandao-Burch A, Key ML, Patel JJ, Arnett TR, Orriss IR. The P2X7 Receptor is an Important Regulator
of Extracellular ATP Levels. Front Endocrinol (Lausanne). 2012; 3:41. Epub 2012/06/02. doi: 10.3389/
fendo.2012.00041 PMID: 22654865; PubMed Central PMCID: PMCPmc3355863.

31.

Suadicani SO, Iglesias R, Wang J, Dahl G, Spray DC, Scemes E. ATP signaling is deficient in cultured
Pannexin1-null mouse astrocytes. Glia. 2012; 60(7):1106–16. doi: 10.1002/glia.22338 PMID:
22499153; PubMed Central PMCID: PMC3348971.

32.

Iglesias R, Locovei S, Roque A, Alberto AP, Dahl G, Spray DC, et al. P2X7 receptor-Pannexin1 complex: pharmacology and signaling. Am J Physiol Cell Physiol. 2008; 295(3):C752–60. Epub 2008/07/
04. doi: 10.1152/ajpcell.00228.2008 PMID: 18596211; PubMed Central PMCID: PMC2544446.

33.

Locovei S, Scemes E, Qiu F, Spray DC, Dahl G. Pannexin1 is part of the pore forming unit of the P2X7
receptor death complex. FEBS Lett. 2007; 581(3):483–8. Epub 2007 Jan 16. PubMed Central PMCID:
PMC1868681. PMID: 17240370

34.

Dahl G, Locovei S. Pannexin: to gap or not to gap, is that a question? IUBMB life. 2006; 58(7):409–19.
doi: 10.1080/15216540600794526 PMID: 16801216.

35.

Scemes E, Spray DC, Meda P. Connexins, pannexins, innexins: novel roles of "hemi-channels". Pflugers Arch. 2009; 457(6):1207–26. Epub 2008/10/15. doi: 10.1007/s00424-008-0591-5 PMID:
18853183; PubMed Central PMCID: PMC2656403.

36.

Penuela S, Gehi R, Laird DW. The biochemistry and function of pannexin channels. Biochim Biophys
Acta. 2013; 1828(1):15–22. Epub 2012/02/07. doi: 10.1016/j.bbamem.2012.01.017 PMID: 22305965.

PLOS ONE | DOI:10.1371/journal.pone.0155107 May 9, 2016

17 / 19

High Glucose Attenuates Mechano-ATP Signaling

37.

Sandilos JK, Bayliss DA. Physiological mechanisms for the modulation of pannexin 1 channel activity.
J Physiol. 2012; 590(Pt 24):6257–66. Epub 2012/10/17. doi: 10.1113/jphysiol.2012.240911 PMID:
23070703; PubMed Central PMCID: PMCPmc3533187.

38.

Pelegrin P, Surprenant A. Pannexin-1 mediates large pore formation and interleukin-1beta release by
the ATP-gated P2X7 receptor. EMBO J. 2006; 25(21):5071–82. doi: 10.1038/sj.emboj.7601378 PMID:
17036048; PubMed Central PMCID: PMC1630421.

39.

Silverman WR, de Rivero Vaccari JP, Locovei S, Qiu F, Carlsson SK, Scemes E, et al. The pannexin 1
channel activates the inflammasome in neurons and astrocytes. J Biol Chem. 2009; 284(27):18143–
51. Epub 2009/05/07. doi: 10.1074/jbc.M109.004804 PMID: 19416975; PubMed Central PMCID:
PMC2709345.

40.

Bao L, Locovei S, Dahl G. Pannexin membrane channels are mechanosensitive conduits for ATP.
FEBS Lett. 2004; 572(1–3):65–8. doi: 10.1016/j.febslet.2004.07.009 PMID: 15304325.

41.

Negoro H, Urban-Maldonado M, Liou LS, Spray DC, Thi MM, Suadicani SO. Pannexin 1 channels play
essential roles in urothelial mechanotransduction and intercellular signaling. PLoS One. 2014; 9(8):
e106269. Epub 2014/08/30. doi: 10.1371/journal.pone.0106269 PMID: 25170954; PubMed Central
PMCID: PMCPmc4149561.

42.

Gartland A, Hipskind RA, Gallagher JA, Bowler WB. Expression of a P2X7 receptor by a subpopulation
of human osteoblasts. J Bone Miner Res. 2001; 16(5):846–56. doi: 10.1359/jbmr.2001.16.5.846 PMID:
11341329.

43.

Penuela S, Bhalla R, Gong XQ, Cowan KN, Celetti SJ, Cowan BJ, et al. Pannexin 1 and pannexin 3 are
glycoproteins that exhibit many distinct characteristics from the connexin family of gap junction proteins. J Cell Sci. 2007; 120(21):3772–83. doi: 10.1242/Jcs.009514 PMID: WOS:000251144600007.

44.

Kato Y, Windle JJ, Koop BA, Mundy GR, Bonewald LF. Establishment of an osteocyte-like cell line,
MLO-Y4. J Bone Miner Res. 1997; 12(12):2014–23. doi: 10.1359/jbmr.1997.12.12.2014 PMID:
9421234.

45.

Thi MM, Urban-Maldonado M, Spray DC, Suadicani SO. Characterization of hTERT-immortalized osteoblast cell lines generated from wild-type and connexin43-null mouse calvaria. Am J Physiol Cell Physiol. 2010; 299(5):C994–C1006. doi: 10.1152/ajpcell.00544.2009 PMID: 20686067; PubMed Central
PMCID: PMC2980299.

46.

Kakoki M, Kizer CM, Yi X, Takahashi N, Kim HS, Bagnell CR, et al. Senescence-associated phenotypes in Akita diabetic mice are enhanced by absence of bradykinin B2 receptors. J Clin Invest. 2006;
116(5):1302–9. doi: 10.1172/JCI26958 PMID: 16604193; PubMed Central PMCID: PMC1430357.

47.

Kennedy OD, Laudier DM, Majeska RJ, Sun HB, Schaffler MB. Osteocyte apoptosis is required for production of osteoclastogenic signals following bone fatigue in vivo. Bone. 2014; 64:132–7. Epub 2014/
04/09. doi: 10.1016/j.bone.2014.03.049 PMID: 24709687; PubMed Central PMCID:
PMCPmc4070223.

48.

Kennedy OD, Herman BC, Laudier DM, Majeska RJ, Sun HB, Schaffler MB. Activation of resorption in
fatigue-loaded bone involves both apoptosis and active pro-osteoclastogenic signaling by distinct osteocyte populations. Bone. 2012; 50(5):1115–22. Epub 2012/02/22. doi: 10.1016/j.bone.2012.01.025
PMID: 22342796; PubMed Central PMCID: PMCPmc3366436.

49.

Xiong J, Onal M, Jilka RL, Weinstein RS, Manolagas SC, O'Brien CA. Matrix-embedded cells control
osteoclast formation. Nat Med. 2011; 17(10):1235–41. Epub 2011/09/13. doi: 10.1038/nm.2448 PMID:
21909103; PubMed Central PMCID: PMCPmc3192296.

50.

Locovei S, Bao L, Dahl G. Pannexin 1 in erythrocytes: function without a gap. Proc Natl Acad Sci U S A.
2006; 103(20):7655–9. doi: 10.1073/pnas.0601037103 PMID: 16682648; PubMed Central PMCID:
PMC1472500.

51.

Donnelly-Roberts DL, Jarvis MF. Discovery of P2X7 receptor-selective antagonists offers new insights
into P2X7 receptor function and indicates a role in chronic pain states. Br J Pharmacol. 2007; 151
(5):571–9. Epub 2007/05/02. doi: 10.1038/sj.bjp.0707265 PMID: 17471177; PubMed Central PMCID:
PMCPmc2013998.

52.

Bartlett R, Stokes L, Sluyter R. The P2X7 receptor channel: recent developments and the use of P2X7
antagonists in models of disease. Pharmacol Rev. 2014; 66(3):638–75. Epub 2014/06/15. doi: 10.
1124/pr.113.008003 PMID: 24928329.

53.

Suadicani SO, Iglesias R, Spray DC, Scemes E. Point mutation in the mouse P2X7 receptor affects
intercellular calcium waves in astrocytes. ASN Neuro. 2009; 1(1):55–63. Epub 2009/07/03. doi: 10.
1042/AN20090001 PMID: 19570022; PubMed Central PMCID: PMC2695581.

54.

Suadicani SO, Flores CE, Urban-Maldonado M, Beelitz M, Scemes E. Gap junction channels coordinate the propagation of intercellular Ca2+ signals generated by P2Y receptor activation. Glia. 2004; 48
(3):217–29. doi: 10.1002/glia.20071 PMID: 15390120; PubMed Central PMCID: PMC2586889.

PLOS ONE | DOI:10.1371/journal.pone.0155107 May 9, 2016

18 / 19

High Glucose Attenuates Mechano-ATP Signaling

55.

Grynkiewicz G, Poenie M, Tsien RY. A new generation of Ca2+ indicators with greatly improved fluorescence properties. J Biol Chem. 1985; 260(6):3440–50. Epub 1985/03/25. PMID: 3838314.

56.

Barth K, Pfleger C, Linge A, Sim JA, Surprenant A, Steinbronn N, et al. Increased P2X7R expression in
atrial cardiomyocytes of caveolin-1 deficient mice. Histochem Cell Biol. 2010; 134(1):31–8. Epub 2010/
06/22. doi: 10.1007/s00418-010-0716-8 PMID: 20563595.

57.

Cieslak M, Roszek K. Purinergic signaling in the pancreas and the therapeutic potential of ecto-nucleotidases in diabetes. Acta Biochim Pol. 2014; 61(4):655–62. Epub 2014/12/19. PMID: 25522227.

58.

Lee AS. The ER chaperone and signaling regulator GRP78/BiP as a monitor of endoplasmic reticulum
stress. Methods. 2005; 35(4):373–81. Epub 2005/04/05. doi: 10.1016/j.ymeth.2004.10.010 PMID:
15804610.

59.

Abcam. Anti-GRP78 BiP antibody (ab21685) 2016. Available from: http://www.abcam.com/grp78-bipantibody-ab21685.html.

60.

Yan W, Li X. Impact of diabetes and its treatments on skeletal diseases. Front Med. 2013; 7(1):81–90.
Epub 2013/02/05. doi: 10.1007/s11684-013-0243-9 PMID: 23377889.

61.

Hough S, Avioli LV, Bergfeld MA, Fallon MD, Slatopolsky E, Teitelbaum SL. Correction of abnormal
bone and mineral metabolism in chronic streptozotocin-induced diabetes mellitus in the rat by insulin
therapy. Endocrinology. 1981; 108(6):2228–34. Epub 1981/06/01. doi: 10.1210/endo-108-6-2228
PMID: 6262054.

62.

Irwin R, Lin HV, Motyl KJ, McCabe LR. Normal bone density obtained in the absence of insulin receptor
expression in bone. Endocrinology. 2006; 147(12):5760–7. doi: 10.1210/En.2006-0700 PMID:
WOS:000242047200029.

63.

Fulzele K, Riddle RC, DiGirolamo DJ, Cao X, Wan C, Chen D, et al. Insulin receptor signaling in osteoblasts regulates postnatal bone acquisition and body composition. Cell. 2010; 142(2):309–19. Epub
2010/07/27. doi: 10.1016/j.cell.2010.06.002 PMID: 20655471; PubMed Central PMCID:
PMCPmc2925155.

64.

Ferron M, Wei J, Yoshizawa T, Del Fattore A, DePinho RA, Teti A, et al. Insulin signaling in osteoblasts
integrates bone remodeling and energy metabolism. Cell. 2010; 142(2):296–308. Epub 2010/07/27.
doi: 10.1016/j.cell.2010.06.003 PMID: 20655470; PubMed Central PMCID: PMCPmc2910411.

65.

Sasaki T, Kaneko H, Ramamurthy NS, Golub LM. Tetracycline administration restores osteoblast structure and function during experimental diabetes. Anat Rec. 1991; 231(1):25–34. doi: 10.1002/ar.
1092310105 PMID: 1836318.

66.

You LD, Temiyasathit S, Lee PL, Kim CH, Tummala P, Yao W, et al. Osteocytes as mechanosensors in
the inhibition of bone resorption due to mechanical loading. Bone. 2008; 42(1):172–9. doi: 10.1016/j.
bone.2007.09.047 PMID: WOS:000252518100020.

67.

Thi MM, Suadicani SO, Spray DC. Fluid flow-induced soluble vascular endothelial growth factor isoforms regulate actin adaptation in osteoblasts. J Biol Chem. 2010; 285(40):30931–41. doi: 10.1074/jbc.
M110.114975 PMID: 20682775; PubMed Central PMCID: PMC2945584.

68.

Reilly GC, Haut TR, Yellowley CE, Donahue HJ, Jacobs CR. Fluid flow induced PGE2 release by bone
cells is reduced by glycocalyx degradation whereas calcium signals are not. Biorheology. 2003; 40
(6):591–603. PMID: 14610310

69.

Thi MM, Suadicani SO, Schaffler MB, Weinbaum S, Spray DC. Mechanosensory responses of osteocytes to physiological forces occur along processes and not cell body and require alphaVbeta3 integrin.
Proc Natl Acad Sci U S A. 2013; 110(52):21012–7. Epub 2013/12/11. doi: 10.1073/pnas.1321210110
PMID: 24324138; PubMed Central PMCID: PMC3876252.

70.

Bugger H, Chen D, Riehle C, Soto J, Theobald HA, Hu XX, et al. Tissue-specific remodeling of the mitochondrial proteome in type 1 diabetic akita mice. Diabetes. 2009; 58(9):1986–97. Epub 2009/06/23.
doi: 10.2337/db09-0259 PMID: 19542201; PubMed Central PMCID: PMCPmc2731527.

71.

Zayzafoon M, Stell C, Irwin R, McCabe LR. Extracellular glucose influences osteoblast differentiation
and c-Jun expression. J Cell Biochem. 2000; 79(2):301–10. PMID: 10967557.

72.

Balint E, Szabo P, Marshall CF, Sprague SM. Glucose-induced inhibition of in vitro bone mineralization.
Bone. 2001; 28(1):21–8. Epub 2001/02/13. PMID: 11165939.

73.

Zhen D, Chen Y, Tang X. Metformin reverses the deleterious effects of high glucose on osteoblast function. J Diabetes Complications. 2010; 24(5):334–44. Epub 2009/07/25. doi: 10.1016/j.jdiacomp.2009.
05.002 PMID: 19628413.

74.

McCabe LR. Understanding the pathology and mechanisms of type I diabetic bone loss. J Cell Biochem. 2007; 102(6):1343–57. Epub 2007/11/03. doi: 10.1002/jcb.21573 PMID: 17975793.

75.

Ke HZ, Qi H, Weidema AF, Zhang Q, Panupinthu N, Crawford DT, et al. Deletion of the P2X7 nucleotide
receptor reveals its regulatory roles in bone formation and resorption. Mol Endocrinol. 2003; 17
(7):1356–67. doi: 10.1210/me.2003-0021 PMID: 12677010.

PLOS ONE | DOI:10.1371/journal.pone.0155107 May 9, 2016

19 / 19

